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A bstract—Proton conductivity is established by solid State electrolysis experiments on borax powder. 
There is marked anisotropy in electrical conductivity, the 6-axis-direction of a single crystal being 
the most favourable one for protonic conduction. A  minimum temperature ( ~  21 °C) is observed, 
below which proton conduction ceases. This effect is discussed in relation to the competition be- 
tween the reorientation rate of protons and their concentration.
INTRODUCTION
A pr o to n  transfer mechanism through hydrogen 
bonds was invoked during the 1940’s in order to 
explain high d.c. conductivity in several solids. (1> 
It was not until 1951 that K akiucHi  et al. (2> proved 
this by spectroscopic evidence of hydrogen evolu- 
tion in electrolysis of solid cetyl alcohol.
Ice has been the almost exclusively studied 
substance in this respect owing to its ideal three- 
dimensional continuous hydrogen-bond network. 
Coulometric measurements (3> on ice (evolution of 
gas on the cathode) have been regarded as proof 
of protonic conduction. Ice is nowadays generally 
accepted as a protonic semiconductor. (The term 
was independently introduced by R ie h l (4> and 
B radley<5> and later discussed at length by E ig en  
and de M aeyer. (6>) A breakthrough in the elucida- 
tion of the mechanism of proton conductivity in 
ice was achieved by the latter authors(7> in measur- 
ing directly the concentration of the ionic species. 
In addition to the comprehensive discussion of 
the problem in Ref. 6, the reader is referred to other 
general articles which were published quite re- 
cently(g) by the Ziirich school.
A search of the literature showed, firstly, that 
solid State electrolysis experiments could be used 
in a more extensive way than so far, and secondly, 
that a systematic study of a large number of solid 
protonic semiconductors with differences in their 
hydrogen bond networks may prove useful in 
gaining a more generalized picture of this mech­
anism.
Our preliminary electrical measurements (9> 
suggested borax as a potential protonic semicon­
ductor with the ž>-axis-direction of its crystal 
structure(10> as the most possible path for proton 




1. The Cell. T h e  cell fo r conductivity  m easurem ents 
was a Perspex ho lder w ith  silver p lated  brass p iston  
electrodes. T h e  sam ple o f  borax, e ither a pellet, o r a 
single crystal was held a ir-tigh t betw een the  electrodes 
by  m eans of a spring  acting on  the  u p p e r electrode. T h e  
Perspex cell was placed in  a glass tu b e  serving as a 
jacket th ro u g h  w hich distilled ethanol circulated from  a 
therm osta ting  ba th . T h e  tem pera tu re  was kep t constant 
to  +  0-1 °C. F o r m easurem ents on pow der un d er 
pressure a press o f  sim ple design was used<12) w ith 
m in o r alterations (see Ref. 11 fo r details).
2. Circuitry. F o r m ost m easurem ents o f  d.c. conduc- 
tiv ity  fresistances o f IO8 to  1011 12), th e  cu rren t vs. 
voltage a t low fields was m easured. Voltages o f u p  to  
150 V  w ere applied from  a constant voltage source 
m easured by  a substandard  precision voltm eter. T h e  
cu rren t was calculated from  O h m ’s law, taking readings 
on  a v ibrating  reed  electrom eter (V ibron 33B, E IL , 
R ichm ond) fo r th e  po tential d rop  over a series IO9 or 
IO8 O precision resistor. T h e  o u tp u t o f  th e  electrom eter 
was fed to  a recorder, and sh o rt te rm  stable values were 
taken in to  calculations.
F or lower resistances, m easured  w ith th e  pow der 
sam ples in  th e  press, an a.c. (50 c/s) conductivity  bridge 
was used.
I I .  Electrolysis experiments
T h e  glass cell was described in detail in  an earlier
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paper. <13> T h e  sam ples w ere cem ented to  th e  cell b y  a 
polyester resin  cem ent (A raldite). B i-distilled m ercury  
was used as contact to  th e  pellet. T h e  m otion  of the  
m ercury  m eniscus in  th e  1 m m  diam eter precision bore 
capillary tube  (Veridia) was followed by  a cathetom eter, 
or, in  case o f large displacem ents, by  an  attached m ili- 
m eter scale. T h e  cell had  to be  therm osta ted  to +  0-05°C 
o f th e  desired tem perature. T h is  was achieved by circu- 
lating w ater from  a 20 1. constant tem pera ture  bath  
th rough  the  jacket o f the  cell. T h e  electric field was 
applied by  a constant voltage pow er source, and m eas- 
ured  by  a light spot m icroam m eter. In  th e  first series o f 
experim ents th e  cu rren t was recorded on a potentio- 
m etric  recorder m easuring  the  voltage drop  over a p re ­
cision resistor, and aftervvards in tegrated  graphically. 
L ater, an electronic in tegrator w ith  digital read -ou t was 
used. T h e  overall e rro r o f  th e  cu rren t in tegration  was 
estim ated to  be about one per cent.
T h e  evolved gas was in troduced  in to  PdC la solution. 
T h e  precip itation  o f elem ental palladium  was taken as 
p roof o f hydrogen evolution. T h e  gas form ed very fre- 
quently  on bo th  the  cathodic and anodic side, b u t was 
always hydrogen. I t  is supposed th a t th is effect is due 
to  diffusion th rough  larger voids in  th e  pellets w hich are 
difficult to  p repare perfectly.
I I I .  Samples
T h e  sam ples o f o rd inary  borax  w ere p repared  from  
recrystallized M erck p.a. borax. R apid  cooling o f a 
saturated  solution was applied to  obtain  fine grain borax 
needed fo r th e  preparation  o f pellets. D eutera ted  borax 
was prepared  from  a dehydrated  sam ple o f  ordinary 
borax (loss o f 8 H 2O) by dissolving it in to  99-76 per cent 
D 2O at 50°C and crystalizing at — 10°C. T h e  loss on 
dehydration  u n d e r vacuo a t 45 °C o f  th e  deuterated  
sam ple corresponded to  8 D 2O, w hile th e  loss on 
ignition at 600°C (49-78 p e r cent) was close to  the 
theoretical am ount for 10 D 2O (49-84 pe r cent). T h e  
d irect D 2O analysis (falling-drop m ethod) suggested a 
com position of 9 D 2O +  I H 2O.
T h e  pellets were p repared  in  a hydraulic  press o f  a 
standard  diam eter o f 13 m m . T h e  pressure  had  to be
applied slowly up  to  some 300 kg/cm 2 in  o rder to avoid 
creep cracking o f pellets. As already described<13) 
“ sandw ich”  pellets o f borax  betw een tw o layers o f 
graphite  pow der proved useful.
Single crystals o f ord inary  borax  were grow n from  
saturated  solution by  slow evaporation a t 23°C. T h e  
orientation o f each single crystal specim en was checked 
b y  X -ray  back reflection photographs. A ppropriate  
pieces o f  single crystals (3-5  m m  lengths) w ere cu t in  th e  
desired d irection  by  a w et N ylon string, g round w ith  
fine em ery paper, polished w ith  fine alum ina in  N ujo l 
and rinsed in chloroform  before m ounting  in to  th e  cell. 
Every such specim en was used in a single ru n  and then  
discarded.
F ig . 1. Specific d.c. conductivity  o f  borax single crystals 




1. Single crystals. Ali the measurements of 
electrical conductivity of borax single crystals 
were performed at constant fields of 25, 50, 100, 
250, and 500 V/cm. No deviations from Ohm’s
Table 1. Energies of activation (in eV) for electrical conductivity at different single
crystal directions of borax
T  em perature M easurem ent F ield o f  250 V /cm  parallel to
range
a sin j8 b c
1. 0-72 ±  0-02 0-61 +  0-02 0-60 4- 0-10
higher
2. 0-73 ±  0-04 0-64 ±  0-01 0-49 ±  0-02
1. (0-72 ±  0-02) (0-61 ±  0-02) 1-92 +  0-17
lower
2. 0-47 ±  0-04 0-85 ±  0-05 0-95 ±  0-03
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law were observed within the above range of 
fields. The results obtained at 250 V/cm were 
chosen for representation in Fig. 1, where the 
notations correspond to the direction of the electric 
field with respect to the three crystallographic 
axes. Each set of measurements was carried out 
with different single crystals. The straight lines 
were calculated by the least squares method.
The absolute value of the conductivity along the 
ž>-axis is by three orders of magnitude larger than 
for the other two orientations. The usual kink<9> 
in this plot is not reproducible though its presence 
is clearly indicated. Table 1 contains activation 
energies calculated from Fig. 1. It follows from 
these data, that best reproducibility is obtained at 
higher temperatures and especially for the b- 
direction.
F ig . 2. Specific electrical conductivity  (a t 50 c/s) o f 
o rd inary  (open circles) and deu terated  (points) borax 
pow der vs. 1/T , a t 6000 atm .
2. Pozvder samples In completing a series of 
measurements already briefly reported,<9> we 
found that the particle siže greatly influences the
results. This was particularly important in view 
of having to compare conductivities of the ordinary 
and deuterated borax. A narrow range of particle 
sizes was therefore sieved (0-105-0-088 mm siže) 
for both of these samples. The results are shown 
in Fig. 2. The activation energies for both samples 
were found to be the same within the experimental 
error. However, the ratio of conductivities
(cth/ctd) is of interest in further discussion, and for 
the “straight line” temperature range it is about 
3-0. Two different temperature regions for the 
conductivity mechanism in borax<9> are again 
evident. The characteristic temperature is in the 
vicinity of 30°C. These measurements were done 
as the earlier ones at low electric fields (about 
20 V/cm).
The validity of Ohm’s law was checked by in- 
creasing gradually the d.c. voltage applied to either 
a bare or a sandwich-pellet of borax in contact with
—~ V/cra
F ig . 3. T es t o f validity  o f O h m ’s law fo r borax  powder.
mercury in the electrolysis cell. The actual field 
distribution was unknown and the values of ab- 
scissa in Fig. 3 are estimated from the geometry 
of the experimental arrangement. One may note 
from this figure that Ohm’s law appears to be 
satisfied at 15°C. Further, an approximate linearity 
is found at 35°C before and after electrolysis up 
to some V5x l 0 2 3V/cm. However, at higher field 
strengths there is a deviation from Ohm’s law 
towards higher conductivities.
II. Solid state electrolysis
Ali the experiments were done on graphite- 
borax sandwich pellets to avoid effects of bad 
contact experienced in similar measurements on 
lithium sulfate monohydrate. <13>
Figure 4 illustrates the general behaviour of 
the rate of hydrogen evolution. The minimum in 
this curve is ascribed to the competition betvveen 
the electro-osmotic penetration of mercury into 
the graphite layer and the build-up of the hydrogen 
pressure. If such an experiment is disrupted after
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steady State conditions have been attained, and 
afterwards repeated at the same or higher tempera- 
tures, no minimum is observed.
It is established from 31 electrolysis experiments, 
of which 13 were done on fresh pellets, that 
the current increases (in some cases to a constant 
value) with time at temperatures above 28°C. 
There is a decrease or constancy of the current 
with time for lower temperatures. The observed 
difference for the two temperature regions is a 
clear-cut effect for fresh pellets only, but even in
F ig . 4. Solid State electrolysis of borax powder (“ sand- 
wich” -pellet). tga taken as measure of the rate of 
hydrogen evolution.
experiments with already used pellets no case of 
rising current was found for temperatures below 
32°C. In view of this finding a distinction will be 
made in further evaluation of the results obtained 
with “fresh” and “used” pellets.
We choose as a measure of the rate of hydrogen 
evolution the slope of the straight line portion of 
the curves such as in Fig. 4 after steady State con­
ditions had been attained. On plotting the loga- 
rithm of these slopes for different temperatures vs. 
1/T one obtains Fig. 5, which also contains the 
relevant data of currents measured in the same 
experiments.
As ali the results indicate two different tempera­
ture regions of the electrical conductivity of borax, 
it was of interest to see to what extent this differ­
ence is characterized by protonic (i.e. ionic) con- 
duction. Having proved that the evolved gas is 
hydrogen (see Experimental Section) it was 
sufficient to analyse the current efficiency. In order
to do this we calculated after Faraday’s law the 
volume of gas that would correspond to the current 
for one hour period in the straight line portions in 
graphs like Fig. 4. It was found that an increase in 
protonic conduction resulted in experiments with
Fig. 5. A rrhenius plots o f  electrolysis rates a t constant 
field. Energies o f activacion calculated from  curren t 
(crosses), and rate o f  hydrogen evolution (circles).
used pellets as compared with fresh ones. There- 
fore, only the experiments with the fresh pellets 
were taken into consideration. The ratio of the 
evolved volume of gas to that calculated from
Fig. 6. C u rren t efficiency fo r borax pow der ( “ sand- 
w ich” -pellets) electrolysisat constan tfield.
current is drawn against temperature in Fig. 6. 
The points near 40°C in Figs. 5 and 6 are uncertain 
for the following reasons. The rate of hydrogen 
evolution became very large. There was hardly 
any straight line portions as in Fig. 4, the slope of 
the curve rising sharply, while the increase of the 
current at the same time indicated approach to
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breakdown. The applied voltage (which is at the 
limit of the Ohmic range) seems to be rather high 
for these temperatures. These results are not in- 
cluded in the least squares analysis. It should be
DISCUSSION
The difference in electrical conductivity by 
three orders of magnitude between that of b, and 
those of a sin /S and c directions in a single crystal
F ig . 7. A  section of the  crystal s truc tu re  o f borax afte r M orim oto .(1°) O nly one 
octahedron of w ater m olecules around  a N a+-ion is show n in  th e  cationic channel. 
N um bers indicate th e  positions in  th e  6-direction (as ratios o f th e  6-unit-cell 
dim ension). Broken lines: supposed hydrogen bonds in the  anionic chains. D o tted  
line: the  proposed pa th  for p ro ton  conduction.
pointed out that in case of zero results (15, 18, 
20°C) the circuit was switcbed on for 36, 29 and 
26 hr respectively, but no evolution of gas was 
observed. It therefore seems established with 
great certainty that the protonic conduction in 
borax is not operative below 20°C.
of borax (Fig. 1) indicate considerable conduction 
anisotropy.
T hese  are th e  m ain  characteristics o f  the  crystal 
s tru c tu re^0) (consult Fig. 7). T w o O H -groups o f the 
anion [B.iO o(O H )4] 2^  m ake hydrogen bonds w ith 
adjacent B4C>5-rings. In  th is way continuous chains are
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formed running parallel to the c-direction. For the šake 
of siraplicity we call the described OH-groups “ intra 
OH-groups” .
Each of these chains is neighboured by four channels 
of N a+-ions surrounded octahedrally vvith water mole- 
cules: two of these channels are “above and below” in 
the 6-direction and the other two on either side along 
the a-direction. T hus, vievving along the c-direction 
there is a chess-table arrangement of alternating anionic 
chains and cationic channels.
T he remaining two OH-groups connect the anion 
through hydrogen bonds to the water molecules of the 
cationic channels. We call them  “inter OH-groups” . 
There are also hydrogen bonds along the 6-direction 
betAveen the anionic part of the structure and the water 
of crystallization in the cationic channels.
Assuming protonic conduction, one vvould 
expect least electrical conductivity perpendicular 
to the chains and channels, i.e. along the a sin /3 
direction, because there are no continuous chains 
of hydrogen bonds (in the sense of an ice-like 
structure). In fact the anionic chains present great 
resistance to such a mechanism of electrical con- 
ductivity. The intra OH-groups may hardly play 
a role in a proton transfer process.
It may be anticipated that of the remaining two 
directions the one along the c-axis is the most 
favourable, because the channels of the water of 
crystallization run parallel to this axis. A closer 
examination of the relative arrangement of hydro- 
gen bonds reveals that in this direction there is no 
continuity in the hydrogen bond netvvork. Indeed, 
there are sequences of hydrogen bonds interrupted 
by too large distances and unfavourable orien- 
tations.
However, regarding the conductivity along the 
6-axis, one may propose, taking into account the 
mutual orientations of the hydrogen bonds, the 
following path of protonic conduction. From the 
C>4-oxygen (notations after M or im o to  (1° ) i.e. 
from one inter-OH group a proton may be passed 
over along the hydrogen bond to the Og-oxygen of 
a water molecule in the cationic channel (2-86 A). 
After some reorientation a further transfer of 
proton is possible to the 07-water molecule 
(3-0 A), though in a stationary model there is no 
hydrogen bond betvveen the two oxygen atoms. 
There is a hydrogen bond (2-92 A) betvveen the 
last oxygen (O7) and the next O4 (inter OH- 
group) related to the starting one by a gliding 
plane. The sequence is thus completed and a con­
tinuous arrangement of hydrogen bonds along
the 6-axis is obtained. A zig-zag line is realized 
betvveen the inter-OH groups (O4) of two different 
anionic chains and two water molecules (O9) of 
two different cationic channels (see dotted line in 
Fig. 7).
It therefore seems plausible, that the electrical 
conductivity in the c- and a sin ^-directions should 
be considerably lower than in the 6-direction as 
suggested by Fig. 1.
The best reproducibility for measurements 
along the 6-axis, and the above discussion of the 
anisotropy in the absolute values of conductivities 
suggest that the major part of the bulk conductivity 
in a povvder sample is due to protonic conduction 
along the 6-direction. The energy of activation for 
the electrical conductivity in this direction, 0-62 + 
0-02 eV, is the same as obtained on pure ice 
(0-61 + 0-05 eV).(8> On the other hand, the energy 
of activation for the reorientation of water mole­
cules is estimated from proton magnetic resonance 
results<14> to be similar to that in ice. Our prelimin- 
ary measurements indicated,9> that protonic con­
duction preponderates in borax above certain 
temperatures. The present direct confirmation that 
the evolved gas is hydrogen (see Experimental 
Section) together with detailed electrolysis experi- 
ments (Fig. 6) leaves no doubt that proton con­
duction is indeed operative in borax.
Measurements of activation energy for proton 
conductivity in the polycrystalline borax (Fig. 2 
and Ref. 9) yield values of about 1 eV. This 
higher result may be due to uncontrolled grain 
boundaries—and pressure—effects. Other values, 
obtained from the data given in Fig. 5 are less 
reliable, but agree vvithin their experimental 
errors with the value of 0-62 + 0-02 eV as 
measured for the 6-direction of a single crystal of 
borax. We are therefore inclined to accept this 
last value as the true energy of activation for 
proton conduction in borax. G ra n ich er(15> pointed 
out, and it is implicit in similar treatments by 
other authors, that both the generation and 
diffusion of ions proceed by translational motions 
of protons from one molecule to its neighbour, 
which is accomplished by quantum mechanical 
tunneling. C o n w a y (16> showed by careful measure­
ments of d.c. electrical conductivity of ordinary 
and heavy ice (at — 10°C), that the ratio of the two 
values (2-4) yields a satisfactory ratio of mobilities, 
when compared with the one calculated on the
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basis of a tunnel effect. Our measurements (Fig. 2) 
at 50 c/s give a ratio of about 3-0. Thus, the 
energy of activation and the specific conductivity 
of borax together with the isotopic conductance 
ratio seem to allow a similar approach as in the 
case of ice. The present discussion is to be limited 
in scope and definite conclusions by lack of the 
following experimental information: the concen- 
tration of ionic defects in the hydrogen bond 
system of borax and the dielectric loss data. 
Neither is there any explicit relation between pro­
ton conductivity and temperature in the theories 
published so far, and borax is in this respect a 
special case.
For one thing, there is an upper limit at 50°C 
set up by dehydration of borax. There is also a 
lower limit at 20°C. The results in Fig. 6 clearly 
indicate that below 20°C the total current is non- 
protonic while above this temperature it is carried 
by protons at more than 50 per cent. The maxi- 
mum current efficiency (100 per cent) seems to be 
attained in a linear increase from 20° to about 
45°C.
Two temperature regions in electrical conduc- 
tivity have also been observed with polyamides(17> 
in which, though not directly proved, protonic 
conduction is likely to be operative. <la> b>18>17> 
The dielectric relaxation of whole chains is in- 
voked as the rate controlling mechanism in order 
to explain the transition in electrical conductivity 
at about 100°C.(17>
No such transition temperature is detected in 
ice, though some possibility in this respect can be 
found in R ie h l ’s results.'4) However, the basic 
requirement for a time independent protonic 
current is that the reorientation time is short com- 
pared with the proton concentration.(16) This 
amounts to
-  > rr (2)
v
where / is a measure of the free path of a “travel- 
ling” proton, and v its linear velocity, with rr de- 
noting the dielectric relaxation time. I is related to 
the proton concentration (N ) by
l =  K N -v 3 (3)
There seems to exist appreciable agreement in 
that the activation energy of electrical d.c.
conductivity {E,\c) in pure ice corresponds actually 
to the half of the heat of dissociation for producing 
an ion pair from two water molecules in the 
hydrogen bond netvvork (Refs. 6, p. 527, and 
8, p. 120). We therefore may write:
N =  N0 exp(~Edc/kT),  (4)
and, of course
rr =  t 0 exp(Er/kT)  (5)
If one is justified in assuming that v in (2) is 
practically independent of temperature (owing to 
the tunneling character of the proton mobility), 
then (2) can be rewritten as
Ki cxp(Eac/3kT) > K2 exp{Er/kT) (6)
There are in general three cases in the compe- 
tition between the temperature dependence of 
ion-pair formation and the reorientation rate. It 
follows from (6):
Case 1. £đc/3 < Er. Unhindered protonic con­
duction is possible above 
a certain temperature, Tp, 
which depends on K\  and 
K ‘> as well.
Case 2. Edc/3 =  Er. Protonic conduction is 
either possible or not, 
which is decided by K\  
and K 2.
Case 3. Fđc/3 > Er. Unhindered protonic con­
duction is possible belozv 
a certain temperature 
Tp, depending on K  and 
K 2 too.
Eac is 0-62 eV for ice and borax and f?r is 0-575 eV 
for ice and possibly not lower than 0-3 eV(14> for 
borax, so that according to case 1 in both these 
substances there should be a minimum tempera­
ture, Tp, below which protonic conduction is 
hindered, and eventually stopped, because the 
reorientation time becomes too large according to 
(6). The former conclusion is also in agreement 
with the discussion on polvamides, (17> because 
there Eac =  IT  eV, and Er is at least 0-9 eV.(19> 
The minimum Tv has been determined with 
certainty for borax in the present study; there is
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reasonable possibility that the transition tempera­
ture for electrical conductivity in polyamides<17) 
is actually TVimjn, while for ice it remains to be 
seen.*
The transition like character of the results given 
in Fig. 6 may also pose the possibility of a crystal 
structure transformation between 20° and 30°C. 
We checked on this point by careful differential 
thermal analysis from 0°C upwards. No sign of 
any thermal effect at ali was observed up to 54°C. 
This is in full agreement with earlier findings of 
M enzel : (20> a sample of borax free of crystallization 
centres of a pentahydrate phase, such as one used 
in the present work, is very stable under normal 
pressure at room temperature. Even with the 
substance that would dehydrate at 50°C via the 
pentahydrate, there is a continuous pressure- 
temperature relation from 15° to 25°C.
We are not aware of any other source of infor- 
mation that would support a crystal structure 
transformation in the critical temperature range. 
The present data strongly suggest that the observed 
effects are due to certain changes in the proton 
system of the hydrogen bond network in borax. 
The onset of measurable protonic conductivity 
above 20°C is most probably due to the sufficient 
increase in the reorientation rate so as to satisfy 
condition (6). At present one can estimate from 
proton magnetic resonance measurements <14> that 
above 20°C r r < 5 x IO-5 sec. These latter 
measurements may well become sensitive to 
an energy State of the protons at a slightly higher 
temperature (36°C, see Ref. 14) at which an 
additional delocalization of the protons in the 
hydrogen bond network is coupled to the abrupt 
change of the hindering potential as the higher 
oscillational levels become more occupied on raising 
the temperature.
Finally, we should like to mention two unusual 
observations with borax: (a) the deviation from 
Ohm’s law above some IO* 3 V/cm to higher values; 
(b) the current increase with time for the proton 
conductivity range (above 28°C). The first effect
* Som e do u b t m ay be čast as to  th e  validity  o f  these 
argum ents. N am ely, by taking th e  relevant data for ice 
a t — 10°C from  Ref. 8 one obtains liv =  6-5 x IO-6 sec,
while Tr is 5 x IO-5 sec. T h e  proportionality  constant in
(3) has been taken as un ity , and it seems unlikely th a t it 
be ten  tim es larger, w hich is at least requ ired  to satisfy 
condition (2).
has been reported for polyamides too, (17> while the 
second one is also common to lithium sulphate 
monohydrate<13) and cetyl alcohol. (2> Solid State 
electrolysis with single crystals should show 
whether these trvvo effects in powder samples may 
be accounted for by a sintering process taking 
place at grain boundaries.f
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